Purpose: The purpose of the current work was experimental investigations of the mean breast dose and volume dose distributions with and without adaptive filtration. Adaptive filtration of the x-ray beam is used in dedicated breast CT to reduce dynamic range requirements on the detector, and to improve image quality. The adaptive filter has a predetermined shape, it is placed after the x-ray source, and it decreases x-ray exposure to the periphery of the breast such that x-ray intensity at the detector surface is flat. However, adaptive filter alters the mean dose to the breast, as well as volume distribution of the dose, which was investigated in this work. Methods: The breast dose was measured using a 14 cm diameter cylindrical breast phantom made from tissue equivalent material (acrylic). An acrylic adaptive filter was fabricated to match the 14 cm diameter of the breast phantom. The breast dose was measured using a CT ion chamber inserted into a series of axial holes distributed along the radius of the phantom from the center to its edge. The radial distribution of dose was measured and fitted by an analytical function and the volume distribution and mean value of dose was calculated. The measurements were performed at 40, 60, 90, and 120 kVp tube voltages, and at a fixed air kerma of 6.6 mGy for all tube voltages. Results: The adaptive filter decreased mean breast dose by a factor of 1.6 -2.2 depending on the tube voltage. To maintain CT image quality, the x-ray tube output was increased by these factors when adaptive filtration was used. The adaptive filter provided uniform volume distribution of dose at 40 kVp and 60 kVp tube voltages, but the distribution was non-uniform at 90 kVp and 120 kVp tube voltages, with reversed magnitude of non-uniformity as compared to the case without adaptive filtration. Conclusion: While adaptive filtration provides important advantages on detector dynamic range, CT number uniformity, and CT noise uniformity, the volume uniformity of the dose with adaptive filter depended on tube voltage. On the other hand, at the same average breast dose, volume non-uniformity of the dose with adaptive filter was not higher that that without adaptive filter. The results of this work allowed also for determining necessary dose increase factor to compensate for x-ray absorption in the adaptive filter. a) Corresponding
I. Introduction
Breast imaging has been vital for diagnosis and treatment of breast cancer over the years. The projection mammography has been a gold standard for breast imaging (Block and Reynolds 1974; Baker 1982) , and other imaging methods such as contrast enhanced mammography (Ackerman et al. 1985; Akashi-Tanaka et al. 2001; Jong et al. 2003) and dedicated breast computed tomography (CT) (Chang et al. 1978; Chang et al. 1979; Gisvold et al. 1979) have been under investigation.
In the last decade, dedicated breast CT has re-gained considerable interest (Boone et al. 2001; Chen and Ning 2002; Glick 2007; Karellas and Vedantham 2008; Shikhaliev 2008; Shikhaliev and Fritz 2011) . In dedicated breast CT, adaptive filtration of the x-ray beam can be used similarly to "bow-tie" filters used in clinical CT systems. Adaptive filtration has several major advantages (Shikhaliev 2008; Shikhaliev and Fritz 2011; Shikhaliev 2012; Shikhaliev 2015) . It can address dynamic range requirements to the detector, eliminate beam hardening ("cupping") artifacts, provide uniform photon statistics across the detector field of view, and provide a uniform distribution of the image noise and contrast to noise ratio (CNR) in CT images. The adaptive filter is particularly useful in photon counting spectral breast CT, where the limited count rate of the photon counting detector creates a major problem (Shikhaliev 2008; Shikhaliev and Fritz 2011; Shikhaliev 2012; Silkwood et al. 2013; Shikhaliev 2015) . Although adaptive filter operates similarly to the "water bath" used in early CT systems (Brooks and Di Chiro 1976) and "bow-tie" filters used in current CT systems (Kalender 2006) , there are some differences too (Shikhaliev 2012; Silkwood et al. 2013; Shikhaliev 2015) . It is fabricated from tissue-equivalent material and installed between the x-ray tube and the breast which is imaged in pendant geometry. The pre-determined shape of the adaptive filter provides a flat intensity distribution of the x-ray beam at the detector surface, as well as uniform beam hardening across the detector surface is provided.
Glandular breast tissue is known to be one of the most radiosensitive parts of the human body. Multiple authors have assessed radiation dose applied to the breast in CT imaging applications (Boone et al. 2004; Thacker and Glick 2004; Russo et al. 2010; Sechopoulos et al. 2010) . In dedicated breast CT, the entrance skin exposure is similar to that used in two-view mammography. In the absence of the adaptive filter, this exposure is uniform along the breast surface. However, when the adaptive filter is used, the skin exposure is decreased toward the periphery of the breast, and remains unchanged along the central source-to-detector axis. Thus, an adaptive filter decreases the mean exposure and dose to the breast, and also modifies the volume distribution of the dose.
The purpose of the current work was to perform direct measurements and comparison of the breast dose and dose distribution, with and without adaptive filtration. The dose distribution was measured and used to determine the mean values of the absorbed dose. Assessing the volume distribution of the breast dose is also useful because there may be a nonlinear dependence of the biological effects of radiation dose to breast tissue, yet to be investigated and proven, so that a more uniform dose distribution may be beneficial at the same mean dose applied to the breast.
II. Methods and materials

A. Breast CT configuration and breast phantom
The design concept of the photon counting spectral breast CT was reported previously (Shikhaliev 2008) . This system used multi-slit multi-slice (MSMS) cone beam CT acquisition geometry. An advantage of the MSMS cone beam CT design is that it allows for using commercially available linear array photon counting cadmium zinc telluride (CZT) detectors. Also, the MSMS CT design allows for nearly complete rejection of the scattered radiation which is undesirable in breast CT, particularly in spectral breast CT. The limitation of MSMS cone beam breast CT is associated with the large cone angle problem inherent to all cone beam CT systems which results in data inconsistency artifacts (Kalender 2006 ). An alternative breast CT design is based on conventional helical CT acquisition with multi-row detectors. Although multirow CZT detectors with clinically relevant parameters are not commercially available at the time, they are being investigated and may become available in the near future. In helical breast CT with multi-row detectors some small scatter may still present depending on beam thickness, but the cone angle problem is eliminated. For this work, we assumed a helical multi-slice breast CT design based on multi-row detectors.
In dedicated breast CT, the breast is imaged in pendant geometry (Chang et al. 1979; Boone et al. 2001; Chen and Ning 2002; Karellas and Vedantham 2008) , where it hangs through a hole in the patient table and is shaped under its own weight. In this imaging configuration, however, random motions of breast may occur due to slight movement of the patient, breathing, heart beating, etc., which may result in blurring of CT images. Some breast immobilization approach should be used to address this problem. In projection mammography, breast compression provides immobilization in addition to decreasing breast thickness. In dedicated breast CT, breast compression is not necessary, but immobilization is still needed. The schematic of the breast CT system with breast immobilization is shown in figure 1 . The breast is held in a cylindrical cup made from low density material. A semi-circular cap made from the same material provides a cylindrical shape at the bottom part of the breast, which also simplifies application of the adaptive filter. Notice that possibility of immobilization of the breast during the breast CT scan was mentioned also in previous work (Boone et al. 2001 ).
The schematic of the measurements of dose distribution in a cylindrical breast phantom with an adaptive filter is shown in figure 2. The phantom was fabricated from acrylic and had 14 cm diameter and 14.2 cm length. Five holes with 9.5 mm diameter were drilled parallel to the axis of the cylinder. The diameter of the holes matched the 9.25 mm outer diameter of a pencil ion chamber. The holes were arranged along a radius of the phantom at 0 cm, 1.75 cm, 3.50 cm, 4.75 cm, and 6 cm distances, respectively. The phantom had a small acrylic holder on its base (not shown in figure) to mount it onto the shaft of a motor that rotated the phantom to provide CT acquisition with a stationary detector and x-ray source.
B. Dose measurements
Measurement of the dose distribution in the breast phantom was performed with a stationary x-ray tube and adaptive filter, while the phantom was rotated. The dose was measured for a 360° rotation of the phantom during a 50 second rotation time. The dose was measured with a pencil ion chamber RadCal model 10x9-3CT (Monrovia, CA). The length of the ion chamber was 100 mm and the chamber was centered along the axial direction of the phantom. Acrylic rods with 9.2 mm diameters were inserted into the 4 vacant holes to maintain equilibrium conditions when the ion chamber was inserted into the 5 th hole. The dose was measured in all 5 holes under identical conditions. Multiple test measurements were performed to confirm repeatability of the x-ray output as well as repeatability and standard deviation of the reading of the ion chamber. The position of the adaptive filter was optimized so that a nearly flat x-ray intensity distribution was provided after the beam passed through the filter and phantom. Two identical sets of measurements, with and without the adaptive filter in the beam, respectively, were performed at each tube voltage. The readings of the ion chamber were converted from air exposure to air dose (kerma) using known exposure to dose conversion factor (Bushberg et al. 2002) . The x-ray technique used in this study was based on a tungsten target rotating anode x-ray tube with tube voltages ranging from 40 kVp -120 kVp. The beam quality was 6.5 mm Al equivalent half value layer (HVL) measured at 120 kVp tube voltage. The dose measurements were performed at four tube voltages: 40 kVp, 60 kVp, 90 kVp, and 120 kVp. Currently, there is no consensus on optimal tube voltages to be used in breast CT. Some studies used 49 kVp (Chen and Ning 2002; Ning et al. 2007 ) while others used 80 kVp (Boone et al. 2001) . We, therefore, used the 40 -120 kVp range to cover all potentially useful tube voltages, as well as to demonstrate trends in dose dependence on tube voltage.
The CT dose absorbed in the breast phantom was measured using the CT dose index (CTDI) method (Shope et al. 1981; Bushberg et al. 2002; McCollough et al. 2011 ). The pencil ion chamber was inserted into the phantom as shown in figure 2, and dose was measured for a single CT slice acquired with a collimated fan beam incident on the central part of the phantom. The CT dose was determined by multiplication of the single slice measurement by the number of contiguous slices that could be arranged in the 100 mm length of the ion chamber. There is no particular value for the single slice thickness in CTDI dose measurements, although a 7 mm slice thickness is used for FDA dose index standards (Bushberg et al. 2002) . In our measurements the x-ray fan beam was collimated to a thickness of 2.2 mm measured at isocenter. Therefore, the CTDI was determined as a single slice measurement multiplied by 100/2.2 = 45.5. The thickness of the beam was measured directly using computed radiography system when a storage phosphor plate was placed at isocenter and exposed to the x-ray beam. The beam thickness was measured at the half of the maximum of signal height, and was same for all tube voltages. The x-ray beam profiles measured with computed radiography plates are shown in figure 3 Before the dose measurement at each tube voltage the tube current was adjusted so the air kerma measured at isocenter in the absence of the phantom and adaptive filter was 6.6 mGy. Although volume distribution of the dose in the breast phantom does not depend on absolute value of the air kerma, in this work we used air kerma similar to that used in twoview projection mammography and dedicated breast CT. Therefore, all measurements presented in this study were performed at a fixed air kerma of 6.6 mGy measured at isocenter. The air kerma was measured using a general purpose 6 cc RadCal ion chamber (Monrovia, CA).
During dose measurement the pencil ion chamber was immobilized in the hole of the phantom to avoid its motion which might affect the recorded signal. The flexible signal cable of X-ray beam profiles at isocenter the ion chamber was curled into a spiral shape to avoid twisting during 360° rotation of the phantom. After each measurement the phantom was rotated back by -360° to start a new measurement. Motion of the cable during the measurements had no effect on measured exposure, confirmed by multiple test measurements when the phantom and ion chamber was stationary and the signal cable was moved in the same manner as during rotation of the phantom.
C. Data analysis
The radial distribution of the dose was determined by fitting the 5 evenly distributed experimental data points by a second order polynomial. After the polynomial fitting functions were determined, dose distributions were extrapolated to the edge of the phantom to provide the entire volume distribution of the dose including the surface dose. Using analytical dose distribution functions the mean value of the dose in the phantom volume was calculated for each tube voltage, and for measurements with and without an adaptive filter.
As described above, the adaptive filter decreases the x-ray exposure over the periphery of the breast and this also results in decreased mean exposure to the phantom and decreased mean dose absorbed in the whole phantom. However, decreased mean exposure may result in a substantial increase of the image noise. For this reason, when an adaptive filter is used, it is of interest to increase the tube current by a factor such that the mean value of the exposure averaged over the phantom surface with adaptive filter is the same as that without adaptive filter. With x-ray exposure increased by this factor CT images acquired with the adaptive filter do not suffer from elevated image noise. However, equal mean exposure with and without adaptive filter does not necessarily indicate that the mean breast doses with and without adaptive filter will also be equal. Therefore, direct measurements of the dose with and without adaptive filter allow for determining a dose increase factor by which the tube current should be increased when adaptive filter is used. With the dose increase factor applied, the mean doses with and without adaptive filter are equal. In this study we determined both dose increase factors and exposure increase factors at all tube voltages and plotted them against tube voltages. The mean breast doses were also plotted against tube voltages, with and without adaptive filtration, and with exposure and dose increase factors applied to the tube current when the adaptive filter was used.
It was also of interest to plot 2D radial dose distribution maps. The 2D color dose distribution maps were plotted for all four tube voltages, with and without the adaptive filter in the beam, and with and without exposure increase factors applied to the tube current.
All dose values were normalized to 6.6 mGy air dose (kerma) measured at the isocenter in the absence of the phantom, and presented in relative scale. The images show qualitatively how tube voltage and adaptive filter affects the magnitude and distribution of the dose within the breast phantom. Figure 5 presents plots of the radial distributions of the breast dose measured at 40 kVp, 60 kVp, 90 kVp, and 120 kVp tube voltages. The dose distributions are presented for the cases without the adaptive filter, with the adaptive filter, and with the adaptive filter and scaled up dose to account for absorption of x-rays by the adaptive filter. As can be seen from these plots, without the adaptive filter the radial distributions of the dose were substantially non-uniform with dose higher at the periphery and lower to the central parts of the phantom. This distribution was generally expected due to the fact that more x-ray interactions take place over the periphery of the phantom. One might expect that the nonuniform x-ray absorption would be compensated by the adaptive filter which decreases the x-ray exposure to the periphery. However, the results depended on tube voltage. For 90 and 120 kVp tube voltages, non-uniformity was reversed, with higher dose in the central part of the phantom. For 40 and 60 kVp tube voltages, however, the dose distribution with the adaptive filter became more uniform and showed better uniformity than that without adaptive filter. Figure 6 shows exposure increase factors and dose increase factors as a function of tube voltage. As indicated above, exposure increase factors differed from dose increase factors, and this difference reached 20-30% depending on tube voltage. Figure 7 shows mean dose measured at 40, 60, 90, and 120 kVp tube voltages, with and without adaptive filter. Presence of the adaptive filter decreased mean breast dose by 40-55% depending on tube voltage. However, mean dose increases again back to its original value when tube output is increased by the dose increase factor. On the other hand, if the exposure increase factor was applied to the tube output instead, the mean breast dose was elevated by approximately 10-15% at all tube voltages except 40 kVp, compared to the cases when exposure increase factor is applied instead of dose increase factor. Notice that although dose in figure 7 is decreased as tube voltage is decreased, this is not necessarily an advantage because for 14 cm diameter phantom CT image noise may substantially increase at lower tube voltages.
III. Results
IV. Discussion and conclusion
Although adaptive filtration provided substantial advantages for breast CT imaging, including uniformity of CT noise and CNR, decreased beam hardening artifacts, and reduced dynamic range requirements to the detector, its effect on mean breast dose and the volume distribution of the dose was unknown. The current study performed direct measurements of the volume distributions and mean values of the doses in dedicated breast CT using a cylindrical breast phantom. The dose measurements were performed at tube voltages of 40, 60, 90, and 120 kVp, which were considered useful for Figure 6 . Exposure and dose increase factors versus tube voltage. The tube current was increased by these factors when the adaptive filter was used, to compensate for beam attenuation by the adaptive filter. The dose increase factor provided the same mean dose with adaptive filter as the mean dose without the adaptive filter. The exposure increase factor provided the same mean exposure with adaptive filter as the mean exposure without adaptive filter. breast imaging, and with and without the adaptive filter in the beam. The clinically relevant air kerma of 6.6 mGy measured at the isocenter was used for all measurements at all tube voltages. Some interesting and useful effects were observed when mean dose and the volume distribution of the dose were compared for breast CT acquired with and without using adaptive filtration of the x-ray beam. It was expected that the volume distribution of the dose without adaptive filter should have been non-uniform, i.e., higher dose to the periphery of the breast phantom than to its central parts because more x-rays are absorbed in the periphery of the breast phantom. This effect was expected at all tube voltages, while its magnitude should decrease as tube voltage increased due to the higher penetration of x-rays when their energy increased. On the other hand, a more uniform dose distribution was expected when the adaptive filter is used due to the decreased amount of x-rays incident to the periphery of the breast. However, the results reported in figures 4 and 5 showed that uniformity of the volume distribution of dose with adaptive filter substantially depended on tube voltage. At tube voltages of 90 and 120 kVp, non-uniformities of the dose distribution with the adaptive filter were as substantial as without the adaptive filter, having reversed the magnitudes of non-uniformities in the dose distributions. The dose distribution was substantially more uniform for tube voltages of 40 kVp and 60 kVp. It appears that in terms of breast dose, the adaptive filter over-attenuates the x-ray beam toward the periphery of the phantom at 90 kVp and 120 kVp tube voltages, while its attenuation appears to be near optimal for 40 kVp and 60 kVp tube voltages. On the other hand, the adaptive filter was designed and fabricated such that it should provide flat intensity of the x-ray beam across the detector surface, which was also tested experimentally. Therefore, it appears that the adaptive filter that was optimal for CT image quality at all tube voltages was suboptimal for dose uniformity at some tube voltages. Figure 8 shows a direct comparison of performance of the adaptive filter and the tradeoffs between CT image noise and dose distribution and mean values of the dose. The figure includes the tube voltages of 40 kVp and 120 kVp that results in the largest magnitudes of the dependence of CT noise and dose non-uniformities. It is clear that at 90 kVp and 120 kVp tube voltages, for a 14 cm breast diameter, the adaptive filter cannot provide simultaneously uniform x-ray intensity at the detector surface and uniform dose distribution in the breast.
The experiments in this work were performed with a 14 cm diameter phantom, which represented a typical average diameter of the breast in pendant geometry. Because breast diameters vary over a wide range from approximately 6 cm to 18 cm (Boone et al. 2001) , the corresponding optimal tube voltages will also change. A multiple-size adaptive filter for a clinical breast CT system would include a stack of several (perhaps 6-10) different adaptive filters each matched to a particular breast diameter and tube voltage. Each of these filters would provide uniform x-ray intensity at the detector surface and optimized CT image quality, but the dose distribution due to the adaptive filter will be unknown except the case that is reported in the current study. Therefore, it is of interest to assess also these cases with different breast diameters. In addition, as shown in this study, exposure increase factors used to account for x-ray absorption in adaptive filter, which can easily be determined, do not provide the same mean dose values with and without adaptive filter (see figure 7) . It should be noticed that CTDI method used in this work was originally introduced as CT dose descriptor (Shope et al. 1981) and was used to experimentally determine approximate dose deposited in cylindrical CT dose phantoms. Generally, CTDI cannot be used to quantify patient dose due to variable shape, size, and anatomical structure of the patients (McCollough et al. 2011) . In the case of described breast CT, however, breast is placed in a cylindrical holder, so it has similar shape and composition as conventional CTDI phantoms. Therefore, in this particular case of dedicated breast CT the CTDI approach can be used to measure approximate breast dose. More accurate result can be achieved if the breast phantom is fabricated from breast tissue equivalent material.
Recently, photon counting (PC) CT has gained considerable interests, and dedicated breast CT is one of the most useful areas of applications of PCCT (Shikhaliev 2004; Shikhaliev 2008; Shikhaliev and Fritz 2011; Shikhaliev 2015) . It has been also demonstrated that using K-edge filtered x-ray beams provide substantial improvement in PCCT (Shikhaliev 2012; Atak and Shikhaliev 2015; Shikhaliev 2015) . The works (Shikhaliev 2012; Atak and Shikhaliev 2015; Shikhaliev 2015 ) used a flat K-edge filter that was used in combination with adaptive filter fabricated from acrylic. However, it is also possible that the whole adaptive filter is fabricated from K-edge filter material, or from its mixture with tissue equivalent material (Atak and Shikhaliev 2016) . Such a filter can optimally combine benefits of both K-edge filtration and adaptive filtration. However, dose distribution with such an adaptive filter can be different than that investigated in the current work using tissue equivalent adaptive filter. Therefore, the dose distribution with K-edge material-based adaptive filter should be investigated in future works.
In conclusion, the reported study measured the mean absorbed dose and volume distributions of the dose in dedicated breast CT phantom with and without adaptive filtration of the x-ray beam. The results of the study may be useful in design and development of dedicated breast CT systems and optimization of CT images, particularly in photon counting spectral breast CT, which requires adaptive filtration of the x-ray beam due to the dynamic range limitations of photon counting x-ray detectors.
